Abstract. The global modeling initiative (GMI) science team is developing a three-dimensional chemistry and transport model (CTM) for use in assessment of the atmospheric effects of aviation. This model must be documented, be validated against observations, use a realistic atmospheric circulation, and contain numerical transport and photochemical modules representing atmospheric processes. The model must retain computational eificiency for multiple scenarios and sensitivity studies. To meet these requirements, a facility model concept was developed in which the different components of the CTM are evaluated separately. The assessment of the impact on the stratosphere of the exhaust of supersonic aircraft will depend strongly on the meteorological fields used by the CTM. Three data sets for the stratosphere were considered: the National Center for Atmospheric
the same tests to improved models will give a quantitative measure of the improvements. In the future the tests may be applied to other meteorological data sets; the tests themselves may be refined, expanded, replaced, or augmented. However, the methodology should stand and serves as a challenge to move from subjective to quantitative model evaluation. An obvious extension to this application will be evaluation of the tropospheric and lower stratospheric transport produced by various meteorological data sets as part of the Atmospheric Effects of Aircraft Project (AEAP) subsonic assessment (SASS), also an objective of GMI.
The three candidate meteorological data sets are described in section 2. To distinguish among them, aspects of transport thought to be important to the stratospheric assessment were identified, and tracer simulations to examine these transport issues were designed. These simulations are described in section 3.
The tests themselves and the model performance on the tests are presented in section 4. Some discussion and conclusions, including the choice of the meteorological data to be used in the assessment, are given in section 
GMI-CCM2
The GMI-CCM2 meteorological fields (hereinafter referred to as CCM2) come from a middle-atmosphere version of the community climate model version 2 (MACCM2). The standard configuration of the community climate model [Hack et at., 1994 ] is modified to produce a simulation appropriate for the stratosphere by reducing the horizontal resolution and increasing the vertical resolution. The middle atmospheric model is run at a horizontal resolution of about 2.8 ø latitude by 5.6 ø longitude, with 44 levels in the vertical extending from the surface to about 75 km. Near the tropopause the spacing between levels is about I km; the maximum vertical spacing is about 2.5 km. This model configuration provides a tropospheric simulation, similar to that produced using the the standard version of the model, and also a realistic stratospheric simulation. The meteorological fields compare well with observations of winds and temperatures in the Northern Hemisphere. However, the simulation of the Southern Hemisphere winter stratosphere does not compare well with observations. The simulated winter vortex is much stronger than observed, and the simulated polar temperatures are colder than observed from the upper troposphere to I hPa.
These similarities and differences are discussed in detail by Bovilte [1995] .
These meteorological fields were used in an off-line full chemistry simulation, and comparisons of the resulting constituent fields with observations are discussed by Rasch et at. [1995] . There are points of similarity and differences in comparisons of model values from this simulation with observations. For example, the zonal mean of model total ozone captures many of the features observed by the Total Ozone Mapping Spectrometer (TOMS). However, in the comparisons presented by Rasch The standard CCM2 gravity wave drag parameterization, which strongly influences the model middle atmosphere circulation, assumed a zero phase speed gravity wave source originating solely from flow over sub-gridscale orography [Bovitte, 1995] . This source of gravity waves was augmented to provide for a more general source of gravity waves with nonzero phase speed arising from a variety of sources (shear instabilities, frontal propagation and convection) by adding separate zonally uniform sources for Northern Hemisphere, Southern Hemisphere and equatorial gravity waves. As a result of this change, the errors associated with an excessively strong jet and cold temperatures in the Southern Hemisphere winter night are dramatically reduced. The resulting meteorological fields have been used for studies of the dynamics and photochemistry of the Southern
Hemisphere [e.g. Brasseur et at., 1997]. However, in the Northern Hemisphere winter, the revised version compares less well with meteorological data in that the temperature is somewhat too warm, stratospheric sudden warmings are produced too frequently, and the final warming occurs too early in the model spring.
Data sets from both configurations of the model were provided to the AESA effort. Because of the improvements to the Southern Hemisphere climatology which must affect the overall model circulation and transport, the meteorological winds from the revised version of MACCM2 were judged to provide a better representation of the stratosphere than the first version, in spite of the known biases between model and observations for the Northern Hemisphere winter. The tests described below utilize the data set with the revised gravity wave parameterization.
GMI-GISS
The Goddard Institute for Space Studies (GISS) meteorological fields used in GMI come from a middle-atmosphere version of the GISS general circulation/climate model [Hansen et 
GMI-GEOS DAS
The GEOS DAS (Goddard Earth Observing System data assimilation system) winds are produced by a stratospheric version of the GEOS-1 system described by Schubert et al. [1993] . The stratospheric version has the top raised to -• 0.1 hPa with a total of 46 vertical levels. The horizontal resolution is 2 ø latitude by 2.5 ø longitude. The vertical winds are mapped to a 29 level grid using a scheme that minimizes errors due to noise in the assimilated wind field. This technique integrates horizontal divergence over a column and maps the horizontal winds onto new vertical levels, while conserving the mass flux (S. J. Lin, personal communication, 1998 [1993] showed that for a previous version of the assimilation system, the shock of data insertion led to an unrealistic residual circulation. Improvements to the assimilation system reduced this effect, and assimilated fields were shown to produce a credible annual cycle for total ozone . Coy and $winbank [1997] showed that for the assimilation fields used here, the GEOS DAS zonal mean divergence field produced a qualitatively correct residual mean meridional circulation; the tests described here evaluate the residual mean meridional circulation quantitatively.
Constituent Simulations
The primary goal of testing these wind fields is to evaluate their ability to produce realistic transport in the lower stratosphere. To this end, we performed several simulations of long-lived tracers and tested the resulting fields against observations. All meteorological fields were used on a 4 ø latitude by 5 ø longitude horizontal grid; for some this required interpolation. The number of vertical levels was maintained, unique to each model, as described in section 2. Numerical transport was accomplished using a scheme developed by Lin and Rood [1996] . Only advective transport was considered. This is acceptable for the stratosphere, but for tropospheric simulations, it will be necessary to include vertical transport by convection.
Nitrous oxide serves as a tracer of stratospheric transport. Its only sources are in the troposphere, and it is long lived in much of the stratosphere. Loss is prescribed from a photochemical model that used observed zonal mean climatologies for temperature and ozone. Tables 1-4 ; the results for the ensemble of tests are given in Table 5 .
Test I Temperature
The projected supersonic aircraft are expected to fly near 50 hPa, mostly at northern middle latitudes At 60øN-70øN both CCM2 and GISS mean temperatures are 3 ø to 4 ø warmer than the NCEP climatology for most of the year. This is a known deficiency of the version of CCM2 used for this test, as discussed in section 2.1. The GEOS DAS temperatures show bet- 
Test 2 Residual Circulation and Mixing
The strong vertical stability in the stratosphere con- in the CLAES data (Plate 2); N20 is largest in the tropics and decreases with increasing potential temperature. The data reveal seasonal dependence; for example, lower mixing ratios of N20 are seen in middle latitudes during the winter than in the fall.
For this application, mean profiles are calculated for three latitude ranges (35øS-50øS, 10øS-10øN; 35øN -55øN) shows, in the models the midlatitude mixing ratios often appear as a tail appended to the tropical peak, rather than the separate peaks seen by CLAES. Note that this test is based only on the structure of the distribution, and is a minimum requirement. The relative heights of the peaks, the magnitude of their separation, their seasonal behavior, and the altitude dependence of the distributions are graded in Test 2. If all of the models produced separate peaks, the scoring would be refined to reflect other areas of agreement or disagreement, for example, the relative population of the two distributions could be considered, or statistical tests to assess the agreement between the distributions could be applied. We anticipate refinement of this test as model fields are improved.
The combined score is normalized to a maximum of 1. The CCM2 N20 distributions show two peaks for all eight cases, giving CCM2 a score of 1. GISS shows two peaks in fuve cases and receives a score of 0.62, and GEOS DAS shows distinct air masses in only three cases, receiving a score of 0.38.
Test 4 Propagation of Annual Cycle
One focus of model evaluation is transport in the lower tropical stratosphere. The rates of tropical entrainment of extratropical air and upwelling within the tropics determine the rate at which midlatitude lower stratosphere HSCT effluent can reach the ozone layer. Applications using a transport scheme which conserves second-order moments resolves such vertical structures [Prather, 1986] . The CO2 phase test, which is focused on the lower stratosphere at potential temperature greater than or equal to that at the tropical tropopause, considers the phase of the CO2 seasonal cycle in the midlatitudes relative to its phase in the tropics. Boering et al. [1996] and $trahan et al. [1998] find that the observed midlatitude seasonal maximum between approximately 380 K and 460 K appears about 2 weeks after it appears in the tropics. This demonstrates that the primary pathway for transport from the midlatitude troposphere to the midlatitude lower stratosphere is through the tropics, rather than directly through the midlatitude tropopause. A model with a midlatitude seasonal maximum that arrives before the tropical CO2 maximum implies an unrealistic pathway of transport in the model. Table 4 .
Discussion and Conclusions
The overall scores for the three models are given in Table 5 . The CCM2 meteorological fields equaled or outscored the GISS fields and equaled or outscored GEOS DAS fields on all tests except Test I (temperature) and were selected for the GMI assessment of the stratospheric HSCTs. Clearly, the process of grading and selection has just begun, and further comparisons will be part of a continuing model evaluation. Although CCM2 is currently the best choice based on these tests, the tests also identify specific limitations to an assessment using CCM2 (as well as the GEOS DAS and GISS) meteorological fields. For example, because Northern Hemisphere winter temperatures are warmer than observed, the simulations with CCM2 fields will not predict polar stratospheric clouds, nor will they simulate any increase in PSC occurrence due to the buildup of H20 and HNO3 from the HSCTs.
A more important discrepancy identified here is the overestimate of N20 in the lower stratosphere by all three models. Given the ready ability of most CTMs to match the observed N20-NOy relationship in the lower stratosphere, it suggests that the models will signifi-cantly underestimate absolute abundance of NOy near 20 km, the peak expected HSCT perturbation to NOy. The modeled ozone response to this increase in N Oy is itself dependent on the base level of NOy; the ozone change per ppb increase in NOy is less negative for lower background levels of NOy [Wennberg et al., 1994 ] as expected for these meteorological fields. A third important discrepancy is the inability of the models to represent all aspects of the separation of the tropics and midlatitudes, as shown by the PDFs in Test 3.
Nevertheless, the identification of these drawbacks and assignment of grades points out the benefit of this approach in evaluating and selecting models for an as- Lastly, the establishment of formal criteria provides an objective baseline for evaluating new or improved versions of these meteorological fields in terms of their simulation of chemical tracers. As the general circulation models or data assimilation systems are developed and provide more realistic representations of stratospheric meteorology, these grades are likely to improve. However, neither GCMs nor data assimilation systems can simply be tuned to provide a better fit to these observations, thereby improving their grades. Simultaneous improvement in model performance on all these tests is not obvious (or likely). For example, developing a better parameterization for gravity-wave drag will affect both the residual circulation and the temperatures, and while the mean winds and temperature may better match observations, the aspects of tracer transport as tested here may not improve. A better representation of stratospheric meteorology, necessary to develop a credible assessment model for HSCTs, cannot be achieved by fitting transport parameters to a set of mean measurements. It is vital to establish grading criteria, such as used in this exercise, that represent the range of atmospheric phenomena controlling atmospheric chemistry.
